Introduction
============

Tumor-associated macrophages (TAMs) represent the most abundant cells of the immune system found within the stroma of some malignancies,[@R1]^-^[@R3] and increased TAM density has been correlated with poor prognosis in patients affected by several cancers including breast, prostate, ovarian, and cervical carcinomas.[@R4] Conversely, in a smaller subset of malignant diseases, including gastric and lung cancer, the presence of TAMs actually correlates with a favorable outcome,[@R4] a discrepancy that can potentially be ascribed to functionally distinct and tissue-specific subtypes of macrophages. The widely used M1-M2 macrophage classification scheme highlights an apparent range of macrophage functions.[@R5] M1, "classically activated" macrophages secrete pro-inflammatory cytokines as part of T~H~1 immune responses and can be tumoricidal in vitro.[@R6] In contrast, M2, "alternatively activated" macrophages respond to T~H~2 cytokines involved in tissue repair and wound healing, and as such can play an immunosuppressive role.[@R7] TAMs, however, are unique in that they can exhibit both M1- and M2-type properties, suggesting the existence of hybrid macrophage phenotypes[@R8]^,^[@R9] that fit into a classification scheme in which macrophage subtypes span a continuous spectrum of overlapping features.[@R10] This said, breast cancer-associated macrophages often display an M2 phenotype[@R5]^,^[@R11] and promote tumor invasion and metastasis in vivo.[@R12]^,^[@R13]

The signaling axis mediated by colony-stimulating factor 1 (CSF1) and its cognate receptor CSF1R has been widely characterized as a key regulator of monocyte differentiation as well as of the generation and activity of tissue-resident macrophages.[@R3]^,^[@R14]^,^[@R15] *Csf1^op^* mice, which are nullizygous for CSF1, lack osteoclasts and are consequently osteopetrotic, although these animals display an incomplete loss of tissue macrophages.[@R16] In comparison, *Csf1r^−/−^*mice display a phenotype that partially overlaps with that of *Csf1^op^* mice, as for instance the former also manifest a loss of Langerhans cells.[@R17] The increased severity of the phenotype of *Csf1r^−/−^* mice can be explained by the disrupted signaling of another, CSF1-independent CSFR1 ligand, interleukin (IL)-34.[@R18]^,^[@R19] Although IL-34 has been found to bind CSF1R with higher affinity than CSF1, and can substitute for CSF1 in myeloid cell development in vitro,[@R18] pronounced differences in tissue expression indicate that IL-34 is more likely to have a predominant role in CSF1R signaling in the brain as compared with other tissues.[@R19]

The overexpression of CSF1 is associated with poor prognosis in subjects with breast, ovarian, and prostate cancer,[@R1]^,^[@R20] and a CSF1-responsive signature has been shown to prognosticate disease recurrence and invasiveness,[@R21] as well as tumor grade, in (at least some subsets of) breast cancer patients.[@R22] In overlapping indications, this reflects the aforementioned clinical data ascribing increased TAM density with a poor prognostic value, suggesting that CSF1/CSF1R may play a critical and preferential role in driving the activity of tumor-promoting macrophages.

In support of this notion, *Csf1^op^* mice crossed into the mouse mammary tumor virus- polyomavirus middle T antigen (MMTV-PyMT) transgenic model of mammary carcinogenesis display a striking reduction in pulmonary metastasis, despite the fact that there is no apparent difference in the incidence or growth of multi-focal, primary mammary tumors.[@R23] Conversely, pharmacological inhibition of CSF1R in MMTV-PyMT transgenic mice has been previously reported to affect tumor growth by enhancing chemotherapeutic responses in a CD8^+^ T cell-dependent manner.[@R24] In combination with prior work demonstrating the role of CD4^+^ T cells in promoting the pro-tumorigenic activities of TAMs in MMTV-PyMT mice,[@R11] these studies raise the question of how the CSF1R pathway mechanistically regulates the abundance and activity TAMs, and indicate a link between CSF1R-driven TAMs and tumor-infiltrating T cells in the maintenance of an immunosuppressive tumor microenvironment.

Here, we employed MMTV-PyMT transgenic mice to identify a specific population of TAMs, an approach revealing that CSF1R stimulation is essential to maintain the rapid turnover rate of TAMs in vivo. Using a highly selective CSF1R inhibitor, BLZ945, we found that TAMs typically recirculate in and out of neoplastic lesions within 5 d. Furthermore, we also found that CSF1R inhibition markedly decreases the recruitment of macrophages to the malignant site and enhances tumor-infiltration by CD8^+^ T cells. Upon the administration of BLZ945, CSF1R-dependent, immunological alterations of the tumor microenvironment limited mammary tumor growth in mice orthotopically allografted with cancer cells derived from MMTV-PyMT transgenic animals. Similarly, using the keratin 14-expressing human papillomavirus type 16 (K14-HPV-16) transgenic model of cervical carcinogenesis,[@R25] we also demonstrated that the pharmacologic inhibition of CSF1R decreases the abundance of macrophages within cervical tumors and the associated stroma, an effect that suffices to inhibit the growth of established neoplasms.

Results
=======

Mammary tumors from MMTV-PyMT transgenic mice contain macrophages with a regulatory phenotype
---------------------------------------------------------------------------------------------

Spontaneous mammary tumors from 63- to 77 d old female MMTV-PyMT transgenic mice were dissociated into single-cell suspensions and analyzed by multicolor flow cytometry. TAMs were identified as CD45^+^CD11b^+^Ly6G^−^Ly6C^lo^F4/80^+^ cells ([Fig. 1A](#F1){ref-type="fig"}). In order to characterize the differentiation state of the TAMs, CD45^+^CD11b^+^Ly6G^−^Ly6C^lo^F4/80^+^ cells were further analyzed for the expression of CD206 and MHC class II molecules on the cell surface, as well as for intracellular IL-10 and IL-12 levels. TAMs infiltrating MMTV-PyMT-derived breast carcinomas uniformly expressed IL-10. However, the heterogeneous expression of MHC class II molecules and CD206 demarcated distinct TAM subpopulations ([Fig. 1B](#F1){ref-type="fig"}), consistent with previous reports.[@R8]^,^[@R26]^,^[@R27] Of note, TAMs failed to express IL-12 (data not shown). Based on these immunological markers, IL-10^+^CD206^+^MHCII^+^ macrophages were found to account for more than 80% of TAMs in our system ([Fig. 1B and C](#F1){ref-type="fig"}), an expression profile consistent with a regulatory phenotype[@R10] and in common with TAMs from mammary carcinomas previously shown to exhibit pro-tumorigenic properties.[@R2]^,^[@R11]

![**Figure 1.** The CSF1/CSF1R pathway promotes rapid turnover of regulatory TAMs in MMTV-PyMT mammary tumors. (**A--F**) Spontaneous mammary tumors in 63 to 77 d old MMTV-PyMT transgenic mice by antibody staining and flow cytometry. (**A**) Gating strategy to identify CD45^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^ macrophages. Cell populations were gated sequentially from left to right. (**B**) MHCII, CD206 and intracellular IL-10 expression in CD45^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^ cells (TAMs) identified in (**A**). Isotype control-stained cells are shown as solid histograms. (**C**) Mean percentages of IL-10^+^ and IL-10^−^ TAM subpopulations of total CD45^+^ leukocytes isolated from vehicle-treated tumors. (**D**) Histogram overlay of CSF1R expression in (CD45^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^) TAMs and CD45^−^ tumor cells. Unstained control cells are represented by a solid histogram. (**E--F**) Flow cytometry data of CD45^+^CD11b^+^F4/80^+^ cells (TAMs) from transgenic MMTV-PyMT mice dosed with 200 mg/kg BLZ945, a CSF1R inhibitor, daily or with 5A1, an anti-CSF1 neutralizing antibody (n \> 5 per group) at 10 mg/kg every 5 d. TAMs are gated in magenta and values are graphed in (**F**). (**G**) Time course of TAM populations in response to 1--8 d of continuous treatment with BLZ945 (n = 4 per group). (**H**) MMTV-PyMT mice were first dosed with BLZ945 for 5 d (red bar) and then switched to vehicle dosing to provide a recovery period of up to 6 d (gray bars; n = 4 per group). All graphs represent mean values ± SEM \**P* \< 0.05 vs. vehicle by unpaired *t* test, 2-tailed. (**I--L**) Spontaneous tumor pieces from CD45.1^+^ FVB/n MMTV-PyMT mice were implanted into a mammary fat pad in CD45.2^+^ BALB/C nude mice. Donor and recipient mice were treated with 200 mg/kg BLZ945 or vehicle for 5 d prior to resection and implantation. Five days after implant, tumors were re-isolated and analyzed by flow cytometry. (**J**) Percentage of tumor-derived CD45.1^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^ TAMs and host-derived CD45.2^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^ TAMs in vehicle-treated tumors implanted into mice dosed with vehicle control. (**K**) Expression of intracellular IL-10 and cell-surface expression of MHCII in CD45.1^+^ (green) and CD45.2^+^ (blue) TAM populations. Unstained control cells are shown as solid histograms. (**L**) Infiltration of CD45.2^+^ TAMs into vehicle-treated tumors implanted into mice dosed with vehicle or BLZ945 (n \> 11 per group), and BLZ945-treated tumors implanted into mice dosed with vehicle or BLZ945 (n \> 7 per group). Bar graphs represent mean values ± SEM. Statistical analyses were performed by 2-tailed unpaired Student *t* test; \**P* \< 0.05 vs. vehicle; data shown are representative of at least 2 experiments.](onci-2-e26968-g1){#F1}

The CSF1/CSF1R pathway is required for the turnover of TAMs in mammary tumors
-----------------------------------------------------------------------------

To evaluate the competence of TAMs for signaling via the CSF1/CSF1R pathway, macrophages from spontaneous tumors arising in MMTV-PyMT mice were analyzed for CSF1R expression by flow cytometry. As shown in [Figure 1D](#F1){ref-type="fig"}, CD45^+^CD11b^+^F4/80^+^ TAMs stained positively for CSF1R while CD45^−^ tumor cells showed no expression of the receptor. We next sought to test the functional dependence of TAMs on signaling mediated by the CSF1/CSF1R pathway. To this end, mice were treated with BLZ945, a small molecule inhibitor of CSF1R kinase activity ([Fig. S1](#SUP1){ref-type="supplementary-material"}), and 5A1, a rat antibody that neutralizes mouse CSF1. Following 6 d of treatment, mammary carcinomas were analyzed by flow cytometry for macrophage (CD45^+^CD11b^+^F4/80^+^ cells) and cancer cell (CD45^−^ cells) content ([Fig. 1E](#F1){ref-type="fig"}). Treatment with either agent alone significantly reduced the percentage of tumor-infiltrating macrophages ([Fig. 1F](#F1){ref-type="fig"}). No additional decrease in the levels of TAMs were observed in mice treated with both BLZ945 and 5A1 ([Fig. 1F](#F1){ref-type="fig"}), suggesting a functional interdependency between CSF1 and CSF1R in regulating TAMs in this breast cancer model.

In order to determine the kinetics of TAM depletion (and recovery) in response to CSF1R inhibition, we subsequently performed a time-course experiment over a 6--8 d period. We found that TAMs were significantly decreased after as few as 3 d of BLZ945 administration, with maximal inhibition occurring within 6 d of treatment ([Fig. 1G](#F1){ref-type="fig"}). We next sought to evaluate whether, or not, continuous CSF1R inhibition was required to maintain TAM depletion overtime. To address this question, mice were treated with BLZ945 for 6 d and then switched to vehicle during a recovery period of up to 6 d. Complete recovery of TAMs to levels comparable to vehicle-treated mice was observed within 3 d after the removal of BLZ945 ([Fig. 1H](#F1){ref-type="fig"}). Similar kinetics for depletion and recovery were observed for both MHCII^lo^ and MHCII^hi^ TAM subpopulations ([Fig. S2A--E](#SUP1){ref-type="supplementary-material"}). Considering that the levels of MHCII expression have previously been shown to correlate with distinct differentiation states of TAMs,[@R8] these findings suggest that the degree of TAM maturation did not alter their sensitivity to BLZ945.

The CSF1R pathway promotes the recruitment of TAMs to mammary tumors
--------------------------------------------------------------------

Tissue macrophages have a life span ranging from months to years[@R28] and the relatively rapid kinetics of TAM depletion and recovery observed in our model ([Fig. 1G and H](#F1){ref-type="fig"}) led us to surmise that the CSF1R pathway allows for macrophages to persist within, but also regulates the trafficking of new macrophages to, neoplastic lesions. Specifically, we wondered whether TAMs originates from within the tumor or the surrounding non-malignant mammary gland, and whether the loss of TAMs following CSF1R inhibition was due to impaired recruitment to the neoplasm.

To address this question, we employed a congenic allograft transplantation model comprising 2 mouse strains with distinct CD45 allotypes to discern tumor- and host-derived macrophages. As diagrammed in [Figure 1I](#F1){ref-type="fig"}, spontaneous tumors from FVB/n MMTV-PyMT mice carrying the CD45.1 allotype were orthotopically allografted onto BALB/c nude mice expressing the CD45.2 allotype. Prior to resection and implantation, donor and recipient mice were administered with either BLZ945 (to deplete TAMs) or vehicle (control conditions). Five days after implantation, tumors were re-isolated and analyzed by flow cytometry for the presence of CD45.1^+^ tumor-derived and CD45.2^+^ host-derived macrophages and determine the relative contributions of these compartments to TAM homeostasis.

In a control setting, in which both donor and recipient mice were treated with vehicle, CD45.1^+^ macrophages were barely detectable in the allograft. In sharp contrast, a large CD45.2^+^ macrophage population accounted for \~25% of total cells in the tumor ([Fig. 1J](#F1){ref-type="fig"}), a level that is elevated in comparison to that (\~10%) typically observed in spontaneous carcinomas in situ ([Fig. 1F](#F1){ref-type="fig"}). Of note, CD45.1^+^ and CD45.2^+^ TAMs displayed overlapping expression profiles of MHCII and IL-10 ([Fig. 1K](#F1){ref-type="fig"}), indicating that the de novo population of CD45.2^+^ macrophages phenotypically resembles CD45.1^+^ macrophages originally present in the tumor.

To evaluate the role of CSF1R signaling in the recruitment of macrophages to tumors, donor and/or recipient mice were treated with BLZ945 ([Fig. 1I](#F1){ref-type="fig"}). Vehicle-treated tumors implanted into BLZ945-treated mice contained significantly fewer CD45.2^+^ TAMs than those implanted in vehicle-treated mice ([Fig. 1L](#F1){ref-type="fig"}). The levels of CD45.2^+^ TAMs were similarly decreased when both tumor and recipient mice were treated with BLZ945 ([Fig. 1L](#F1){ref-type="fig"}). Together, these data indicate that CSF1R inhibition obstructs the recruitment of de novo TAMs from the host. Moreover, mice receiving either vehicle- or BLZ945-treated transplanted tumors showed comparable levels of CD45.2^+^ TAM infiltrates ([Fig. 1L](#F1){ref-type="fig"}), suggesting that pre-existent CSF1R-dependent TAMs do not promote additional macrophage infiltration into the tumor.

BLZ945-mediated depletion of macrophages is a tissue-specific response
----------------------------------------------------------------------

Next, we sought to address whether the reduction in TAMs was due to a systemic decrease in total macrophages or monocyte precursors or a tissue-specific response. Thus, we quantitatively analyzed macrophage content in tumor, liver and lung tissue in 76 to 98 d old female MMTV-PyMT mice by immunohistochemistry using an anti-CSF1R antibody previously reported to label murine macrophages co-expressing CD68 and F4/80.[@R29] We observed an approximate 6-fold reduction in CSF1R^+^ cells within the tumors of BLZ945-treated mice as compared with mice receiving vehicle ([Fig. 2A](#F2){ref-type="fig"}), consistent with the 5-fold reduction in TAMs as measured by flow cytometry. CSF1R^+^-staining Kupffer cells residing in the liver were also reduced 2- to 3-fold in mice treated with BLZ945 as compared with control animals. Conversely, the administration of BLZ945 had no effect on the number of CSF1R-expressing macrophages in the lungs ([Fig. 2A](#F2){ref-type="fig"}). In order to determine whether macrophage precursors were depleted by CSF1R inhibition, whole blood from mice treated with BLZ945 or vehicle control was analyzed to determine monocyte counts. As shown in [Figure 2B](#F2){ref-type="fig"}, BLZ945 did not affect the number of circulating monocytes following up to 8 d of continuous treatment.

![**Figure 2.** Treatment with BLZ945 decreases macrophage content in tumor and liver, but does not affect lung macrophages, circulating monocytes or tumor cell proliferation. (**A--C**) 56--63 d old female MMTV-PyMT transgenic mice were randomized by tumor volume and dosed with BLZ945 or vehicle control for 16 d (n \> 3 per group). Tissues were formalin-fixed and analyzed by immunohistochemistry. Stained slides were scanned using a ScanScope XT and analyzed by ImageScope v11.2 using the positive pixel count algorithm (Aperio Technologies). (**A**) Tumor, liver and lung sections were stained using an anti-CSF1R antibody to identify macrophages (brown staining). (**B**) Time course of circulating monocyte numbers in peripheral blood of individual mice (n = 4 per time point). Complete blood counts were performed by IDEXX Laboratories. (**C**) Tumor tissue was stained using an anti-Ki67 antibody as a measure of proliferation. All graphs represent mean values ± SEM.](onci-2-e26968-g2){#F2}

Previous studies have shown that macrophages and cancer cells engage in a paracrine loop in which macrophages expressing the epidermal growth factor (EGF) promote surrounding neoplastic cells to express CSF1, thereby altering cancer cell proliferation in response to cell-to-cell signals.[@R30]^,^[@R31] To test whether the reduction in TAMs induced by BLZ945 affected the proliferation of cancer cells, tumor tissue was analyzed by immunohistochemistry using an anti-Ki67 antibody. As shown in [Figure 2C](#F2){ref-type="fig"}, no reduction in Ki67 staining was apparent after 16 d of continuous treatment with BLZ945.

BLZ945 decreases primary mammary tumor growth but does not affect lung metastatic tumor burden in MMTV-PyMT mice
----------------------------------------------------------------------------------------------------------------

Consistent with our previous reports using a different CSF1R small molecule inhibitor,[@R24] we found no significant difference in total tumor burden between 76 to 98 d old vehicle- and BLZ945-treated MMTV-PyMT mice ([Fig. 3A](#F3){ref-type="fig"}). Histopathological analysis of lungs from the same mice carrying cumulative tumor burdens no greater than 2000 mm^3^ also showed no difference between vehicle- and BLZ945-treated groups with respect to the density of pulmonary foci ([Fig. 3B](#F3){ref-type="fig"}), cumulative metastatic burden ([Fig. 3C](#F3){ref-type="fig"}), or average size of the foci ([Fig. 3D](#F3){ref-type="fig"}). Due to animal welfare restrictions, we were unable to evaluate tumor growth and metastases in animals bearing late-stage disease. However, in early-stage MMTV-PyMT transgenic mice, we observed a broad variability in the growth kinetics of individual tumors, with the majority of lesions remaining below 300 mm^3^ ([Fig. 3E](#F3){ref-type="fig"}). Given the technical challenges of the autochthonous model, we subsequently turned to a more tractable model based on syngeneic orthotopic allografts to monitor tumor growth and the changes in the tumor microenvironment caused by the pharmacological blockade of CSF1 signaling. As in the transgenic model, macrophages accounted for 7--10% of the global cellular content of neoplastic lesions and were reduced in response to BLZ945. Multicolor flow cytometry revealed that the TAMs infiltrating MMTV-PyMT allografts show a similar expression profile of IL-10 and CD206 than the TAMs infiltrating autochthonous tumors (compare [Fig. S3](#SUP1){ref-type="supplementary-material"} and [Figure 1B](#F1){ref-type="fig"}). Using this model, we found that mice receiving BLZ945 have significantly smaller tumor volumes than their vehicle-treated counterparts ([Fig. 3F](#F3){ref-type="fig"}) and showed a similar fold reduction in TAMs as observed in the autochthonous model ([Fig. 3G](#F3){ref-type="fig"}). This phenotype coincides with a significant increase in CD45^+^CD3^+^CD8^+^ T cells in BLZ945-treated tumors as compared with control animals ([Fig. 3H and I](#F3){ref-type="fig"}).

![**Figure 3.** Pharmacological blockade of CSF1R signaling increases infiltration of T cells and decreases tumor growth but does not affect pulmonary metastasis in PyMT mice. (**A--E**) 63- to 70-d old MMTV-PyMT transgenic mice were randomized by total tumor burden and dosed with 200 mg/kg BLZ945 or vehicle (n = 9 per group) at the indicated time points. Individual tumor volumes were calculated by caliper measurements with total tumor burden being the sum of these measurements. (**A**) Cumulative tumor burden of vehicle- and BLZ945-dosed mice. (**B**) Lungs from MMTV-PyMT mice were formalin-fixed and serially sectioned to histologically evaluate the number of individual metastases per mm^2^ of lung. (**C**) The total metastatic tumor area as a percentage of lung tissue. (**D**) The average area (mm^2^) of lung metastatic spread (**E**) Representative graph showing individual tumor volumes taken from a vehicle-treated mouse. (**F--I**) Spontaneous tumors from naïve MMTV-PyMT mice were pooled and digested to form a single-cell suspension. Cells were injected into mammary fat pads of syngeneic mice. PyMT allograft-recipient mice with average tumor volumes \~280 mm^3^ were randomized into 2 groups and dosed with 200 mg/kg BLZ945 or vehicle control 21 d post-implantation. (**F**) Caliper measurements of tumor volumes (n = 6 per group) were taken every 3--4 d. In a separate study, tumors (n = 4 per group) were analyzed by flow cytometry to determine infiltration of (**G**) CD45^+^CD11b^+^Ly-6G/C(Gr-1)^−/lo^F4/80^+^ TAMs and (**H and I**) CD45^+^CD3^+^CD4^+^ and CD45^+^CD3^+^CD8^+^ T cells in tumor allografts . Graphs display mean values ± SEM. Statistical analyses were performed by 2-tailed unpaired Student *t* test; \**P* \< 0.05 vs. vehicle; data shown are representative of at least 2 experiments.](onci-2-e26968-g3){#F3}

CSF1R inhibition depletes TAMs, enriches tumor-infiltrating CD8^+^ T cells and attenuates the growth of cervical cancer
-----------------------------------------------------------------------------------------------------------------------

In order to assess whether the reduction in tumor growth following CSF1R inhibition in the MMTV-PyMT allograft model could also be observed in other settings, we next sought to evaluate the effect of BLZ945 on the K14-HPV-16 transgenic mouse model of cervical carcinogenesis, a model that is also characterized by robust TAM infiltration.[@R32]^,^[@R33] As diagrammed in [Figure 4A](#F4){ref-type="fig"}, 6 mo old transgenic mice subject to carcinogenic hormonal regimens were continuously treated with BLZ945 (or vehicle control) for 1 mo at the onset of estrogen-dependent cervical cancer. Cervical tumor volumes were determined by histopathological analysis of serial sections, and the mean tumor volume of mice treated with BLZ945 was comparable that of estrogen-naïve T0 control mice, demonstrating tumor stasis ([Fig. 4B](#F4){ref-type="fig"}). Cervical samples were also analyzed by immunohistochemistry using an anti-CSF1R antibody as an indicator of macrophage content ([Fig. 4C](#F4){ref-type="fig"}). Mice receiving BLZ945 showed reduced CSF1R staining in both cervical tumors and the associated stroma, with a significant decrease in CSF1R^+^ stromal macrophages relative to vehicle-treated mice (*P* \< 0.05; [Figure 4D](#F4){ref-type="fig"}).

![**Figure 4.** Treatment with BLZ945 reduces macrophages, enhances T cell infiltration, and prevents tumor growth in the K14-HPV16 transgenic mouse model of cervical carcinoma. (**A--D**) Estrogen pellets were administered to 1-mo old K14-HPV16 transgenic mice every 2 mo. Age-matched control mice that did not receive estrogen pellets are referred to as "T0." At 6 mo of age, mice were dosed with 200 mg/kg BLZ945 or vehicle control for 1 mo, after which time whole cervixes were formalin-fixed for histological analyses. (**B**) Serial sections of cervical tissue were hematoxylin and eosin (H&E) stained and tumor volumes determined by multiplying the tumor area by the depth of serial sections. Cervical tumors from 6-mo old estrogen-naïve mice (T0) served as a baseline control. (**C and D**) Cervical tissues were stained with an anti-CSF1R antibody to label macrophages by immunohistochemistry. Magnified views of tumor (t) and stroma (s) regions within the cervix are boxed. Scale bar, 100 µm. (**D**) Quantification of CSF1R staining in cervical tumor and stroma regions. (**E--H**) Pharmacodynamic study to monitor changes in tumor-infiltrating and stromal immune cells after 5--7 d of treatment with BLZ945. Whole cervixes were frozen, serially sectioned, and stained with H&E to identify the transformation zone. Tumor and stroma regions within the cervix were scored separately for (**F**) CSF1R^+^ macrophages, (**G**) CD8^+^ T cells, and (**H**) CD4^+^ T cells. Bar graphs represent mean values with SEM. Statistical analyses were performed by Mann--Whitney nonparametric test; \**P* \< 0.05 vs. vehicle.](onci-2-e26968-g4){#F4}

Finally, to determine whether CSF1R inhibition also influenced TAM turnover and T-cell infiltration in cervical carcinoma, 6-mo old tumor-bearing mice were treated with BLZ945 or vehicle for 3--7 d ([Fig. 4E](#F4){ref-type="fig"}). Frozen tissue sections were then analyzed by immunohistochemistry using antibodies against CSF1R, CD4 and CD8 ([Fig. 4F--I](#F4){ref-type="fig"}). Following the administration of BLZ945 for 3 d, mice showed markedly reduced stromal CSF1R staining relative to vehicle-treated mice ([Fig. 4F](#F4){ref-type="fig"}). Consistent with our observations in MMTV-PyMT mice, the administration of BLZ945 (but not that of vehicle) for 5--7 d increased CD8 staining specifically in the tumor-associated stroma ([Fig. 4G](#F4){ref-type="fig"}). In contrast, no difference in CD4 staining was observed between BLZ945- and vehicle-treated mice in either tumor compartment ([Fig. 4H](#F4){ref-type="fig"}).

Discussion
==========

In this study, we demonstrate that the pharmacological blockade of CSF1R signaling affects both macrophage and T-cell populations associated with mammary and cervical carcinomas. Using the MMTV-PyMT allograft model, we revealed that the inhibition of either CSF1 or CSF1R significantly reduced tumor-infiltrating CD45^+^CD11b^+^Gr-1^−/lo^F4/80^+^MHCII^+^IL-10^+^CD206^+^ macrophages while increasing the fraction of intratumoral CD45^+^CD3^+^CD8^+^ T cells. Furthermore, our results demonstrate that the majority of TAMs in MMTV-PyMT mice display a regulatory phenotype, as defined by expression of IL-10 and CD206. These findings, taken together with the antitumor effects of CSF1R blockade, implicate the CSF1R pathway as a key regulator in the maintenance of an immunosuppressive tumor microenvironment.

Recent studies have highlighted differential roles for distinct TAM subsets in promoting metastasis in mammary cancer.[@R12]^,^[@R13]^,^[@R34]^,^[@R35] CCL18-expressing TAMs have been found to promote migration and invasion of breast cancer cells in vitro.[@R34] Metastasis-associated macrophages have been found to rely on CCL2-CCR2 signaling for metastatic seeding in both the MMTV-PyMT mammary carcinoma model and in a human breast cancer model.[@R12] TAMs have also been implicated in vessel abnormalization, an effect that is switchable by histidine-rich glycoprotein (HRG).[@R35] Using a variety of different macrophage markers, we have identified 2 distinct TAM subpopulations characterized by low and high expression of MHCII. Our data are consistent with those of a previous study in which MHCII^hi^ and MHCII^lo^ TAM populations were identified in TS/A mammary adenocarcinomas, orthotopic 4T1 mammary carcinomas, and subcutaneous 3LL lung carcinomas developing in BALB/c mice,[@R8] demonstrating that MHCII^hi^ and MHCII^lo^ TAM subsets are represented in multiple cancer models. We found that MHCII^hi^ and MHCII^lo^ TAMs were similarly sensitive to BLZ945 and displayed comparable depletion and recovery kinetics. Whether CSF1R signaling regulates all TAMs or only a subset of short-lived TAMs has yet to be determined.

The rapid kinetics of TAM infiltration provides evidence for a continuous signaling between neoplastic lesions and the surrounding tissues. The 3--6 d period of TAM depletion and recovery in BLZ945-treated mice supports a model whereby TAMs are a highly dynamic population constantly undergoing turnover. In a congenic allograft model using donor and recipient mice carrying distinct CD45 allotypes, we found that CD45.2^+^ macrophages originating from recipient mice effectively replace the original population of tumor-associated CD45.1^+^ macrophages. This rapid turnover occurred within 5 d indicating that TAMs, unlike classical tissue-resident macrophages, persist in tumors for relatively brief periods of time.

Several studies have reported that CSF1 is the major macrophage chemoattractant secreted by tumor cells.[@R30]^,^[@R36] Given that both macrophages and tumor cells express CSF1,[@R3] we examined whether TAMs contribute to their own recruitment and found similar levels of CD45.2^+^ TAM infiltration in mice receiving vehicle vs. BLZ945 (depleting macrophages) prior to transplantation. This data suggests that TAMs do not appear to be involved in perpetuating their own recruitment, despite expressing CSF1 and other chemokines.

One important consideration is that the BLZ945-mediated inhibition of CSF1R does not fully ablate macrophages in mammary and cervical tumors. From these time-course studies, a residual population of TAMs accounting for less than 1% of the total tumor cells is detectable following 8 d of continuous treatment with BLZ945. This observation is consistent with a study by DeNardo et al., who reported a PLX3397-resistant TAM population that localized to the perivasculature space.[@R24] It is noteworthy that in *Csf1^op^* mice, bearing an inactivating mutation in *Csf1*, macrophage depletion is incomplete and tissue-specific.[@R23]^,^[@R37] In a transgenic mouse model of proneural glioblastoma multiforme, inhibition of CSF1R by treatment with BLZ945 had no effect on TAM survival but instead inhibited the differentiation of TAMs toward an M2 phenotype, promoting tumor regression.[@R38] Altogether, these studies demonstrate that the dependency of different macrophage populations on CSF1/CSF1R varies and is influences by the local microenvironment.

Multiple approaches have been used to evaluate the role of CSF1/CSF1R signaling in the MMTV-PyMT mammary carcinomas. In a separate study, a dual inhibitor of CSF1R and KIT, PLX3397, was shown to exert no effects on primary tumor growth in MMTV-PvMT allograft-bearing mice, a finding discordant with the decrease in tumor growth that we observed in BLZ945-treated mice.[@R11] One key distinction between the action of these 2 inhibitors is that the increase in tumor-associated CD8^+^ T cells occurring in BLZ945-treated mice is not observed in mice receiving PLX3397 as a single agent. These observations suggest that tumor-infiltrating CD8^+^ T cells are potentially critical to the anticancer effects of BLZ945.

Like breast cancer, cervical cancer is characterized by high levels of macrophage infiltration.[@R39]^,^[@R40] In the HPV-16-driven TC-1 mouse subcutaneous tumor model, M2-like macrophages expressing IL-10 and arginase 1 (ARG1) have been found to constitute the predominant leukocytic infiltrate.[@R41] The absence of IL-10 function (upon blockade with anti-IL-10 neutralizing antibodies or by injecting TC-1 cells into IL-10-deficient mice) results in delayed tumor growth, increased CD8^+^ infiltration and decreased amounts of intratumoral FOXP3^+^ regulatory T cells.[@R42]

To further evaluate the impact of CSF1R signaling in cervical tumorigenesis, we selected the more clinically relevant K14-HPV-16 transgenic model of cervical carcinoma. In comparison to the modest reduction in tumor growth observed in MMTV-PyMT mice treated with BLZ945, we found that the treatment of K14-HPV-16 mice with BLZ954 was sufficient to abrogate cervical tumor growth. Immunohistochemical analyses showed that macrophages were depleted from both neoplastic lesions and the surrounding cervical stroma upon BLZ945 treatment for 30 d. The loss of CSF1R staining in stromal regions within the cervix was also observed in K14-HPV-16 mice treated with BLZ945 for only 5--7 d, a time frame comparable to that needed for BLZ945 to effectively deplete TAMs from MMTV-PyMT mice.

Perhaps the most striking finding of our study was that CD8^+^ T cells accumulated within mammary and cervical tumors concurrent with the reduction in macrophages provoked by BLZ945. Consistent with a recent independent study,[@R24] we observed a preferential increase in CD8^+^ T cells compared with CD4^+^ T cells upon blockade of CSF1R signaling. The net effect was an increase in the ratio of CD8^+^ to CD4^+^ T cells, which has been found to be part of a predictive signature for improved disease outcome in breast cancer patients.[@R11]^,^[@R24] Thus, our findings indicate that CSF1R-dependent TAM activity may aid in tumor immune subversion by actively inhibiting cytotoxic T-cell responses within the tumor microenvironment. Of particular importance, we report that CSF1R signaling maintains a constant and rapid turnover of TAMs in the tumor microenvironment, and that the depletion of TAMs using a highly selective CSF1R inhibitor can arrest or delay the growth of murine cervical and mammary carcinoma, respectively. The single agent efficacy of BLZ945 observed in the cervical cancer model suggests that CSF1R inhibitors, alone or in combination with chemotherapy, may be especially useful in treating this particular malignancy.

Materials and Methods
=====================

Genetically engineered mouse models
-----------------------------------

FVB/N-Tg(MMTV-PyVT)634Mul/J mice were purchased from Jackson Laboratory and bred at Novartis. FVB.Cg-Tg(KRT14-HPV16)wt1Dh mice were obtained from the National Cancer Institute Mouse Repository and bred at Novartis. All mice were maintained under specific pathogen-free conditions at the AAALACI-accredited Novartis Institutes for Biomedical Research vivarium. Housing and experimental animal procedures were approved by the Institutional Animal Care and Use Committee.

Orthotopic allograft models
---------------------------

6--7 wk old female FVB/NJ mice were purchased from Jackson Laboratory. 6--7 wk old female BALB/c nude mice (CAnN.Cg-*Foxn1^nu^*/Crl) were obtained from Charles River Laboratory. For the mammary tumor virus-driven Polyoma middle T antigen (MMTV-PyMT) orthotopic allograft model, spontaneous tumors from 10--13 wk old female transgenic MMTV-PyMT mice were pooled and enzymatically digested with Liberase TM (Roche). The resultant single-cell suspension was then immediately injected orthotopically at the indicated cell dosage into a single mammary fat pad of syngeneic female FVB/NJ recipient mice. For the CD45 allotype study, spontaneous tumors from 10--13 wk old female MMTV-PyMT transgenic mice were harvested by blunt dissection and divided into 3 mm cubes. A small incision was made in the mammary fat pad of female BALB/c nude recipient mice and 2 tumor samples were placed inside the fat pad and sealed with surgical staples. After 5 d, the wound was reopened and the tumor samples retrieved. Tumors were digested and analyzed as described below. Donor and recipient mice were treated with either BLZ945 or vehicle for 5 d prior to resection and implantation as described below.

CSF1-signaling antagonist pharmacological study in spontaneous tumor models
---------------------------------------------------------------------------

Tumors were measured using calipers and volumes calculated based on the formula: volume = (width)2 × length/2. In MMTV-PyMT mouse studies, 56--63 d old female mice were randomized into groups based on tumor volumes and dosed with either 20% Captisol® vehicle or 200 mg/kg BLZ945. Dosing was administered by oral gavage once daily and tumor volumes were measured twice weekly. 5A1 rat anti-mouse CSF1 neutralizing antibody or rat IgG control was dosed at 10 mg/kg by intraperitoneal injection every 5 d. To calculate pulmonary metastasis in MMTV-PyMT transgenic mice, formalin-fixed paraffin-embedded lungs were serially sectioned and stained with hematoxylin and eosin (H&E). Tumor regions were scored by tumor burden (total tumor area divided by total lung area), size (tumor diameter), and according to the total number of individual metastases counted in a single-blind fashion. These values were averaged across the entire depth of the lung to obtain the final value. For K14-HPV16 mouse studies, female mice were given slow release 17β-estradiol pellets every 2 mo to induce squamous carcinogenesis in the cervical and vaginal epithelium.[@R43]^,^[@R44] Mice were randomized at 6 mo of age at the reported onset of cervical cancer and treated with BLZ945 for a 1 mo duration. To determine cervical tumor volume in K14-HPV16 transgenic mice, formalin-fixed paraffin-embedded cervix tissues and neoplasms were serially sectioned, scored for tumor area in a single-blind fashion, and the values multiplied by the tumor depth.

Tumor digest
------------

Tumors were harvested by blunt dissection, minced in cold 2% FBS RPMI 1640 and digested with 2.86 Wünsch U/mL Liberase TM (Roche) + 4.29 U/mL DNase I (Roche) for 15 min at room temperature before addition of 0.02% EDTA (EDTA) (Sigma) to stop the digest. Cell suspensions were passed through a 70 µm cell strainer (BD Biosciences) and centrifuged at 4 °C for 5 min at 1500 rpm. After red blood cell (RBC) lysis with 0.86% ammonium chloride, the remaining cells were centrifuged, washed with 2% FBS RPMI 1640 and assayed for viability by Vi-CELL Analyzer (Beckman Coulter).

Fluorescence cytometry
----------------------

One--2 million cells were washed with phosphate-buffered saline (PBS) and incubated with rat anti-mouse FCγIII/II receptor (CD16/CD32; clone 93) antibody to block nonspecific binding concurrently with LIVE/DEAD viability stain (Invitrogen) for 15 min at 4 °C. Cells were washed with PBS and incubated with anti-CD3ε (145--2C11), CD4 (GK1.5); CD8a (53--6.7), CD11b (M1/70), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD68 (FA-11), CD115/cFMS/CSF1R (AFS98), CD206 (MR5D3), F4/80 (BM8), MHCII (M5/114.15.2; eBioscience), Ly-6G/C(Gr-1) (RB6--8C5) antibodies as indicated. Rat IgG control and Tie-2 (TEK4) antibodies were also used as described. After 30 min, cells were washed with 2% fetal bovine serum (FBS) in PBS + 1 mM EDTA and fixed with BD Stabilizing Fixative (BD Biosciences). Stained cells were stored in 2% FBS in PBS + 1 mM EDTA at 4 °C for up to 72 h. For intracellular staining, cells were permeabilized using BD Perm/Wash (BD Biosciences) and incubated with anti-IL-10 (JES5--16E3), anti-IL-12/23 p40 (C15.6) and anti-IFNγ (XMG1.2) antibodies as indicated. After 30 min., cells were washed in permeabilization buffer followed by 2% FBS in PBS containing 1 mM EDTA. Analysis was performed on 200 000--2 000 000 events collected per sample on an LSRII (BD Biosciences) flow cytometer and analyzed using FlowJo (Tree Star). All antibodies were obtained from BioLegend unless otherwise noted.

Histology
---------

For paraffin sections, tissues were fixed in 10% buffered formalin for up 24 h and transferred to 70% ethanol before paraffin embedding. Five 6-µm thick sections were cut using a Leica HM315 microtome. Sections were deparaffinized and rehydrated through an alcohol series prior to histochemical or immunohistochemical staining. Paraffin sections were stained with hematoxylin and eosin (H&E) for histology and anti-cFMS/CD115/CSF1R (1:200, C-20; Santa Cruz) and Ki67 (1:500, SP6; Neomarkers) antibodies for immunohistochemistry. For frozen sections, tissue was embedded without fixation in OCT (Tissue-Tek) and frozen on dry ice. Six-µm thick sections were cut using a Leica CM1850 cryostat and stored at −80 °C. Frozen sections were air-dried overnight, fixed in ice-cold acetone for 10 min at −20 °C, blocked overnight at 4 °C in 5% normal goat serum in PBS with 0.5−2.5% bovine serum albumin (BSA), and incubated for 1 h with anti-cFMS/CD115/CSF1R (1:200, C-20; Santa Cruz), anti-CD4 (1:100, GK1.5; BioLegend), anti-CD8a (1:50, 53--6.7; BioLegend) antibodies or Rabbit IgG control (Ventana Roche), and Rat IgG control (Jackson ImmunoResearch) antibody as indicated. Biotin-conjugated goat anti-rabbit or goat anti-rat IgG (Jackson ImmunoResearch) antibodies were then applied for 32 min in conjunction with the Ventana Discovery Research IHC DAB Map XT kit (Ventana Roche). Stained slides were scanned using a high-resolution digital scanner (ScanScope XT, Aperio Technologies) and analyzed by ImageScope v11.2 using the positive pixel count algorithm (Aperio Technologies).

Statistics
----------

Data represent mean ± SEM of representative experiments. Statistical significance was calculated by student *t* test unless otherwise noted (GraphPad Prism 6), and *P* \< 0.05 was considered statistically significant.
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CSF1

:   colony stimulating factor 1

*Csf1^op^*

:   *Csf1*-nullizygous mouse

CSF1R

:   CSF1 receptor, EGF, epidermal growth factor

HPV-16

:   human papilloma virus type 16

IL

:   interleukin

K14

:   keratin 14

MMTV

:   mouse mammary tumor virus

PyMT

:   polyomavirus middle T antigen

TAM

:   tumor-associated macrophage
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